INTRODUCTION
Understanding the driving forces of community composition is one of the major goals in vegetation ecology and management (Gilbert and Lechowicz 2004, Freestone and Inouye 2006) . In forest ecosystems, species assemblages are related to several factors, such as environmental gradients (Čarni et al. 2011 (Čarni et al. , Arevalo et al. 2012 , past geographical and climatic events (Chytrý et al. 2002, Kuželova and Chytrý 2004) , and land use history (Decocq et al. 2004, Hérault and Honnay 2005) . Moreover, species composition, community structure and functions proved to be related each other (Franklin et al. 1981 , Noss 1990 , Marchetti et al. 2010 . In particular, there are several clues that overstory and understory composition are related to some extent, since tree canopy composition affects soil nutrients and the physical environment of the forest floor (Augusto et al. 2002, Hart and Chen 
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The effects of environmental features and overstory composition on the understory species assemblage in sub-Mediterranean coppiced woods: implications for a sustainable forest management 2006, Macdonald and Fenniak 2007) . Barbier et al. (2008) reviewed several studies on the relationships between overstory and understory composition and found that results ranged widely. Burrascano et al. (2011) ascribed the inconsistency among studies to the missing assessment of environmental variables such as climatic, lithological, geomorphological and soil factors. Dynamic processes and management treatments may be key factors as well (e.g. Denslow 1980 , Bengtsson et al. 2000 , Decocq et al. 2004 .
Despite these difficulties, understanding the relationship among environmental factors, overstory and understory represents a key step for the improvement of sustainable forest management. In fact, within forest landscapes, understory is the most important contributor to vascular plant biodiversity, provides habitat for animal communities Wardle 2005, Hart and Chen 2006) and contributes to primary production, carbon storage and nutrient supply (Whigham 2004 ). In addition, herb species quickly respond to changes in environmental conditions, thus they are powerful ecological indicators (Standovár et al. 2006, von Oheimb and Härdtle 2009) . In this regard, the assessment of Social Behavior Types which can be defined as the role that a plant species plays in the community, in consideration of its ecological and dynamic features (see Bartha et al. 2008 , Vitasović Kosić et al. 2012 , could provide important information on the mechanisms underlying species assemblage (Gondard et al. 2006 ) and help to clarify the ecological meaning of a species pool (Troiani et al. 2016) .
Nevertheless, although high tree diversity makes sub-Mediterranean forests suitable for analysis of the relationships among environmental heterogeneity, overstory composition and understory diversity, only few studies focused on this topic (Barbier et al. 2008) , as well as on coppiced woods (a typical management of Mediterranean regions).
Based on such assumptions, our research aimed to understand the interplay among abiotic environmental features (topographic factors), overstory (tree species) composition and understory (shrub and herb species) assemblage, within a sub-Mediterranean forest landscape, undergoing homogeneous management regime (coppice-with-standards). Following previous statements (e.g. Barbier et al. 2008 , Burrascano et al. 2011 , we expected that in sub-Mediterranean climate, understory and overstory are related and that both are linked to macro-environmental conditions. Moreover, we hypothesized that this relationship is mediated by the ecological behaviour of the understory species. Furthermore, we hypothesized a significant correlation among the overstory and understory diversity indices.
To test these hypotheses, we addressed the following questions: i) How do topographic variables affect the overstory species composition? ii) How do topographic variables and overstory species cover affect the understory species assemblage, also in relation to their ecological behaviour? iii) Does overstory composition affect understory species diversity?
MATERIAL AND METHODS

Study area
Study area lies in the hilly calcareous sectors of the Monti Sibillini National Park (central Italy, coordinates 43°06´-42°44´N; 13°15´-13°08´E - Fig. 1 ), at the border between Temperate and Mediterranean macroclimatic regions, in a sub-Mediterranean context Fig. 1 . Location of the study areas The black areas indicate the woods considered (hilly forest landscape) in the Monti Sibillini National Park (Umbria-Marche Apennines). The scale is 1:150,000. (Pesaresi et al. 2014) . Main climatic features are: mean annual temperature of 12−13°C; mean annual rainfall of 900−1,100 mm; 1 or 2 months with a mean minimum temperature below 0°C; drought stress lasting from midJuly to the end of August (Orsomando et al. 2000) .
The studied forest landscape extends over about 18,000 hectares, between 400 and 1,000 m a.s.l. Woods are managed as coppice with standards. In this management type, mainly devoted to firewood and charcoal production, trees are cut down (coppiced) every 20−25 years, to stimulate resprouting, except for some of them, called 'standards' , that are allowed to grow through two or more coppicing rotation cycles.
Sampling design and data collection
Preliminarily, the study area was divided into land units (i.e. into homogeneous landscape types having similar vegetation cover and topographical features) following Blasi et al. (2000) and taking into account land cover type, geology and aspect. Since above 1,000/1,100 m a.s.l. the forest plant landscape is composed of Fagus sylvatica dominated community (Catorci et al. 2010a) , we considered only areas placed below. To detect the land units that characterise the study area, we used plant landscape geodatabase of Marche Region (Pesaresi et al. 2007) . We identified three land unit types of calcareous mountains (woody landscapes of south-facing slopes; woody landscapes of north-facing slopes; woody landscapes of flat or semi-flat areas). Their distribution (about 400 polygons in all) was mapped on a topographic map.
Using a GIS generator of random points, for each polygon, we randomly selected the coordinates of the lower left-hand corner of one 20 × 20 m plot. Plots with heterogeneous aspect and slope were discarded, as well as those crossed by roads/pathways or falling on watersheds and water drainage lines. Moreover, we considered only woody areas larger than 10 hectares and coppiced stands in the second half of the regenerative cycle, to limit the effects of regenerative processes (Catorci et al. 2011a) . As woods were not homogeneously distributed among the three land units, we randomly selected for each of them a number of plots proportional to their extension (Hirzel and Guisan 2002) .
In total, we laid 205 plots, in which we recorded: altitude (m a.s.l.), aspect (azimuth degrees), and slope (vertical degrees), coverabundance values of plant species in the tree (individuals taller than 5 m), shrub, and herb layers, assigned using the traditional BraunBlanquet scale (Braun-Blanquet 1964) . Following Podani (2007) , for the statistical elaboration we expressed species abundances in percent values using average cover values of Braun-Blanquet classes.
We made relevés from mid-May to lateJune 2015, to record both spring and summer growing species. Since we aimed to understand the response of understory (i.e. shrub and herb layers) to overstory (i.e. tree layer) and abiotic factors variation, we grouped species in Social Behavior Types (hereafter SBTs). Species nomenclature followed Conti et al. (2005) .
DATA ANALYSIS
Preliminary data processing
Following Warren (2008) , aspect azimuth was converted from the 0−360 compass scale to a linear scale (0−180), giving northerly aspect a value approaching 0 and southerly aspect a value approaching 180. As south−southwest-facing slopes are the warmest aspect, the aspect azimuth was shifted to a minimum on north-north-east slopes (22.5°) and a maximum on south-south-west slopes (202.5°).
We attributed species to SBT as indicated in the appendix and multiplied the 'relevés × understory species cover (%)' matrix by the 'understory species × SBTs' matrix to obtain a 'relevés × understory SBTs cover (%)' matrix which was used for the subsequent analyses.
In addition, we calculated species richness, Shannon-Wiener index and Shannon's evenness for the overstory (tree layer) and the understory (shrub and herb layers) of each relevé.
Drivers of overstory and understory species assemblages and diversity
To assess how topographic variables affect the overstory species cover, we performed ca-nonical Redundancy Analysis (RDA) of the 'relevés × tree species cover (%)' matrix, constrained by topographic variables. In addition, to disentangle the effects of the tree layer from those of topographic variables on species and SBTs of the understory, we performed RDAs of the 'relevés × understory species cover (%)' and the 'relevés × understory SBTs cover (%)' matrices, constrained by topographic variables and tree species cover. Prior to RDA, understory species and SBTs cover matrices had been Hellinger-transformed.
To assess the contribution of each set of explanatory variables (topographic variables and tree species cover) to the total variability of the understory species and SBTs data sets, the total variance was partitioned into fractions explained by each set of the predictor variables by partial RDAs (Borcard et al. 1992, Borcard and Legendre 1994) . Adjusted R 2 values were calculated to produce unbiased estimates of the contributions of the independent variables to the explanation of the response variables (Peres-Neto et al. 2006) . To test the significance of the adjusted R 2 (i.e. whether each independent fraction exhibits a significant influence on cover data), we applied a permutation test with 1,000 permutations, in accordance with Legendre and Legendre (1998) .
To assess the effect of tree species diversity on the species diversity of the understory, we regressed the values of each understory diversity index on the respective overstory diversity values. We applied to significance values the Bonferroni correction for multiple comparisons to reduce the likelihood of a Type I error.
To understand the interplay between overstory (cover percentage of tree species) and understory species richness, ShannonWiener index and Shannon's evenness, we used Generalized Linear Modeling (GLM), in which each diversity index (the response variables) was related to 19 explanatory variables (tree species cover); tree species with less than 5% of average cover value or frequency were not considered. We found the best model fitting all possible models, namely 2 19 (Orestes Cerdeira et al. 2009, Calcagno and de Mazancourt 2010) . We did not include interaction terms (Grafen and Hails 2002, Orestes Cerdeira et al. 2009 ). We ranked the fit of all the possible models using each model's Schwarz Bayesian Information Criterion (BIC) and chose the BIC-based best fitting model for predictor selection (Calcagno and de Mazancourt 2010) . To account for the possible effects of interactions of tree species on understory diversity, using the aforementioned procedure, we performed a new model selection including the predictors (tree species) which emerged as significant in the previous runs including also interaction terms between pairs of variables. For statistical elaboration we used the Rpackages vegan, version 2.0-10 (specnumber, diversity, rda and varpart functions), stats, version 3.0.2 (lm function), and glmulti, version 1.0.7 (glmulti function) to calculate diversity indices, to perform RDA, variation partitioning, for linear regression analysis and GLM (version 3.0.2, R Foundation for Statistical Computing, Vienna, Austria. http://www.R-project.org).
RESULTS
RDA indicated that 17.4% (adj.-R 2 ) of the overstory species cover was explained by topographic variables (P = 0.001).
Tree species cover and topographic factors (altitude, aspect and slope) explained 19.9% of the total variance of the understory species data sets (P = 0.001). In particular, topographic factors explained singly 3.3%, whereas the tree species cover explained 10.7% of the overall species variance (P = 0.001). The joint effect of the two groups of variables was 5.9%.
With regard to understory species composition, RDA axis 1, which explained 8.7% of the total variance (28.3% of the constrained variability), was mainly correlated with the cover of Ostrya carpinifolia Scop., Acer opalus Mill. subsp. obtusatum (Waldst. & Kit. ex Willd.) Gams, and Castanea sativa Mill., related to north-facing slopes and Quercus pubescens Willd. s.l., Quercus ilex L. subsp. ilex, Acer monspessulanum L. subsp. monspessulanum, and Fraxinus ornus L. subsp. ornus, linked to south-facing slopes (Fig.  2) . RDA axis 2, which explained 6.1% of the total variance (19.8% of the constrained variability), was chiefly correlated with the cover of Q. pubescens and Carpinus orientalis Mill.
subsp. orientalis, linked to the lower altitudes, and Quercus cerris L., more strictly linked to the higher ones.
Tree species cover and topographic factors explained 36.4% of the total variance of the understory SBTs data sets (P = 0.001). Topographic factors explained singly 3.2%, whereas the tree species cover explained the 17.1% of the overall understory SBTs variance (P = 0.001). The joint effect of the two groups of variables was 16.1%.
As regards the understory SBTs composition, RDA axis 1, which explained 26.3% of the total variance (58.3% of the constrained variability), was mainly correlated with the cover of C. sativa, A. opalus subsp. obtusatum, O. carpinifolia, and Carpinus betulus L., related to north-facing slopes and Q. ilex, linked to south-facing slopes (Fig. 3) . RDA axis 2, which explained 10.0% of the total variance (22.1% of the constrained variability), was chiefly correlated with the cover of Q. ilex, linked to the lowest altitudes and the highest slope. SBT1 (xerophilous and mesophilous species of the Festuco-Brometea class, needing high light intensity) and SBT6 (species of plant communities dynamically linked to the deciduous forests of the Querco-Fagetea class) were closely related to southerly slopes and forest canopies with a dominance of Q. pubescens. SBT3 (species tolerating high temperatures, besides nitrogen and water scarcity) was No significant relations emerged between species diversity of the understory and species diversity of the overstory. Instead, we found significant relations between the abundance of some species of the overstory and understory diversity. The best models selected to explain understory diversity values depending on the type and cover of tree species, were all significant. More specifically, when we used single tree species cover as predictors, understory species richness was positively related to A. monspessulanum and P. avium (P < 0.05), and negatively to Q. pubescens, Q. ilex (P < 0.001), and C. orientalis (P < 0.01), whereas O. carpinifolia, besides being entered in the model, was not significant. When we considered also the pairwise interactions between these species (Table 1) , we found a significant negative effect of the combinations C. orientalis-O. carpinifolia and a positive one of the combinations Q. pubescens-Q. ilex, and P. Labels of tree species are explained in the caption of Fig. 2 avium-A. monspessulanum. Moreover, it was found that understory species Shannon index was positively related to the single cover values of Q. cerris (P < 0.01) and A. monspessulanum (P < 0.05), while Q. pubescens, O. carpinifolia, and Tilia platyphyllos Scop., although entered in the model, were not significant. When we considered also the pairwise interactions between species (Table 1) , we did not find significant relationships, except for Q. cerris. Understory species evenness index was positively related to Q. ilex (P < 0.001), Q. cerris (P < 0.01), Q. pubescens, and C. orientalis (P < 0.05), singly considered, whereas O. carpinifolia, even if entered in the model, was not significant. When we considered also the pairwise interactions between these species (Table 1) , we found a significant negative effect of the combinations Q. cerris-C. orientalis and a positive one of the combination C. orientalis-Q. pubescens.
DISCUSSION
Consistently with previous studies (Burrascano et al. 2011 , Arevalo et al. 2012 , we found that topographic characteristics (altitude, slope and aspect) play a paramount role in driving the percentage cover of different tree species (Figs 2 and 3) , explaining 17.4% of tree species cover variance. In particular, aspect emerged as a main driver splitting the distribution of thermophilous (i.e. 0.201 *** 0.065 *** 0.161 *** *P < 0.05; **P < 0.01; ***P < 0.001; n.s. − not significant; NA -not available Table 1 . Parameters (estimate and intercept) of the best models explaining the effect of tree species cover and their pairwise interactions (predictors), on understory species richness, Shannon-Wiener index, and Shannon evenness index (response variables), as performed using Generalized Linear Modeling. Only tree species emerged as significant in previous runs performed using all the tree species found in the plots (results not shown) were included in the models. Significance values of each model predictor and of the overall models are indicated, as well as models' adjusted R 2 .
sylvatica, and Carpinus betulus) tree species. In fact, high light radiation of south-facing slopes, apart from being a resource, determines the evaporative water demand and the potential for drought stress (Pausas and Austin 2001) . Catorci et al. (2011b) demonstrated that stress-tolerant competitive species, namely species growing in semi-arid and infertile soils (Grime 2001) , characterize the forest composition under these conditions. Instead, northfacing slopes generally receive lower solar radiation, resulting in lower evapotranspiration rates and lower daily maximal temperatures during summer periods, therefore, plant community features such as cover values, biomass and density, would be greater there than in opposing slopes (Sternberg and Shoshany 2001) . This influences the soil propensity to erosion (lower on northerly slopes) and other soil features such as depth, organic matter amount and water holding capacity (greater on northerly slopes) (Hanna et al. 1982 , Hairston and Grigal 1991 , Geroy et al. 2011 . It is noteworthy that the effect of tree cover and topographic characteristics explained 19.9 and 36.4% of the understory species and SBTs variance, respectively. These quite low values of explained variation are a typical feature of plant community data sets, and are common in vegetation analysis (Palmer 1993 , McCune 1997 . Actually, it was demonstrated that several factors may affect the understory species assemblage, such as acidity, nitrogen availability and C/N ratio of the soil (Hutchinson et al. 1999 , Misson et al. 2001 , Bartels and Chen 2010 , patch age and size, time elapsed from coppicing, stand structure, past land use legacy, besides presence of wild herbivores or omnivores (Hester et al. 2000 , Decocq et al. 2004 , Hérault and Honnay 2005 , Burrascano et al. 2011 .
It deserves to be pointed out that, while the proportion of variance explained by the topographic variables was very similar for understory species and SBTs, the joint influence of topographic variables and tree species was quite different, explaining 5.9% of variance of understory species dataset and 16.1% of SBTs variance. Thus, we can argue that the topography-related factors do not only influence understory species abundance and coenological composition directly, but are further mediated by the tree layer composition, which adds its effect especially by filtering the understory SBTs groups, according to their ecological meaning.
Actually, we found that species of open and semi-open habitats (SBTs 1, 3, and 6) were related to the oak species abundance and south-facing slopes (Fig. 3) . These SBTs, mainly linked to the early dynamic stages of the Querco-Fagetea communities, might indicate a deterioration in the quality of the forest conservation state; nevertheless, sometimes some of these species (i.e. Brachypodium sp. pl.) were considered typical components of the dry oak-forest understory (Virágh and Bartha 1998, Endresz et al. 2005) . This is probably because these forests may be considered recovery stages after land abandonment (see Brachetti et al. 2012) or, due to centuriesold history of forest utilization, their understory lost the pool of nemoral species. In fact, Facioni et al. (2015) did not find strong evidence of disturbance effect (i.e. forest coppicing) on oak forests understory.
Instead, SBTs 4 and 5, which highlight typical 'forest conditions' , were linked to north-facing slopes and stands dominated by semi-mesophilous trees. These conditions support a more typical forest species pool probably because of the better conservation of soil features (compared with those of south-facing slopes), so that generalist forest species can likely survive in the early recovery stages under standard trees, and hence spread again in the late phases of woods recovery (Catorci et al. 2011a ).
We did not find any effect of overstory species diversity on understory species diversity. Instead, we found that overstory composition affected understory diversity indices in different directions. Q. ilex, as well as Q. pubescens, negatively affected understory richness when singly considered. Indeed, in forest stands with one dominant species, resources (i.e. light) may be more homogeneous in space and time (Bartels and Chen 2010) reducing the number of spatial and temporal niches available for understory species. In particular, the evergreen Q. ilex has been selected among the model variables that negatively affected understory richness. Q. ilex dominance had instead a positive effect on understory species evenness, probably, as noted by Grime (2001) , because of the negative filtering effect of light scarcity on competitive species. Actually, we found that Q. pubescens had a positive effect on richness in combination with Q. ilex (Table 1), likely because its presence, fragmenting the evergreen canopy of Q. ilex, allows penetration of light at least before leaf spring. This is consistent with previous findings in Temperate regions, suggesting that variation in light intensity and direction at the ground level in relation to canopy foliar dynamics and structure, contribute to the formation of patchy environmental conditions and result in an increase in species richness (Uemura 1994 , Komiyama et al. 2001 . Probably, the same reason is behind the positive effect on species richness of the non-dominant species Acer monspessulanum and Prunus avium, the former mainly linked to thermophilous woods, the latter to semi-mesophilous ones.
Within the semi-mesophilous woods, O. carpinifolia, jointly with Carpinus orientalis, contribute to reduce significantly understory species richness. Probably this result could be explained by the effect of the long persistence of a dense low-statured canopy besides to the fact that, generally, these types of woods have a south-facing distribution and a dense shrub layer (Catorci et al. 2010b) .
Generally, Q. pubescens and C. orientalis, singly and in combination, as well as Q. cerris, increased understory species evenness (Table  1) . We may hypothesize that this effect is related to forest stands in which these species (generally managed as standards except for C. orientalis) have not a dominant role and give rise to a patchy distribution of resources at the ground level, determining aggregation patterns of species with different ecological needs and, likely, homogenizing species abundances. Instead, the positive effect of the combination C. orientalis-Q. pubescens could be addressed to the higher shadow produced by the dense and low foliage of C. orientalis that likely reduces the light irradiance at the soil level on south-facing slopes.
CONCLUSIONS AND MANAGEMENT IMPLICATIONS
Our findings confirmed the hypothesis that in sub-Mediterranean climate, understory and overstory were partially related and that this relation was mediated by the ecological and dynamic features of the understory species. In particular, we confirmed that, within an altitudinally homogenous forest landscape, topographic factors are key drivers of forest composition, affecting the tree species distribution and abundance. In addition, we found that topography and overstory exert a joint effect in shaping the understory species assemblage. In particular, we observed that the topographyrelated factors were further mediated by the tree layer composition, which adds its effect especially in filtering the understory SBT type, according to its ecological meaning.
Our results did not support the hypothesis that overstory and understory species diversity indices were significantly correlated. Instead, we found significant relations between the abundance of some tree species (singly and/or in combination) and the understory composition. In particular, we found that in every condition the presence of tree species different from the dominant ones, positively increased understory species richness. This effect was particularly notable in evergreen forest dominated by Quercus ilex.
On the basis of our results, to improve the management sustainability of the studied sub-Mediterranean forests, woods coppicing should be focused on the achievement of the highest possible tree species diversity. Obviously, such a management suggestion is not exhaustive, since stand structure heterogeneity, stump and standard densities, time between coppicing events, identification and protection of old-growth patches, etc., could be feasible and complementary options. ACKNOWLEDGMENTS: The research was conducted as a part of the project "Conservation and management of forest ecosystems" funded by Monti Sibillini National Park and directed by Andrea Catorci. We wish to thank Renata Gatti, Sabrina Cesaretti, Sandro Ballelli, Domenico Lucarini, and Walter Scapin for their help during the field surveys.
